Spectral Characteristics of X-Ray Flashes Compared to
Gamma-Ray Bursts

R. M. Kippert', P. M. Wood$*', J. Heisé, J. J. M. in 't Zan&*, M. S. Briggs " and
R. D. Preect

*University of Alabama in Huntsville, Huntsville, AL 35899, USA
TNational Space Science & Technology Center, 320 Sparkman Dr., Huntsville, AL 35805, USA
“*Universities Space Research Association, Huntsville, AL 35806, USA
*SRON National Institute for Space Research, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands
§Astronomical Institute, Utrecht University, P.O. Box 80 000, 3508 TA Utrecht, The Netherlands

Abstract. X-ray flashes (XRFs) are a new type of fast transient source observed widlepipes AX Wide Field
Cameras (WFC) at a rate of about four per year. Apart from their large fraction of 2—26 keV X-rays, the bulk
properties of these events are similar to those of classical gamma-ray bursts (GRBs). By investigating the wide-
band spectra of ten events detected in common with WFC and BATSE, we explore the possibility that XRFs are a
low-energy branch of the GRB population. We find that XRF spectra are similar to those of GRBs, and that their
low peak energies could be an extension of known GRB properties.

INTRODUCTION eral unknown “X-ray Flashes” (XRFs; also referred to
as “Fast X-ray Transients”) using tigepp&AX Wide

In the study of prompt emission from gamma-ray burstsField Cameras (WFC). These events are distinguished
(GRBs) one is overwhelmed by a large amount of ob-from Galactic transient sources by their isotropic spa-
servational data with comparatively little physical under-tial distribution and short~10-100 s) durations. Fur-
standing. In this realm, one of the keys to better underthermore, they are distinguished from GRBs based on
standing lies in the identification of new, or extreme be-their non-detection above 40 keV with tiBEpp&AX
havior that differs from that of the bulk ensemble. One GRB Monitor — implying larger Xy ratios than GRBs.
such enlightening characteristic would be the identifica-n fact, the distribution of X/ratio overlaps considerably
tion of the lowest energy bursts, which could help to indi- with that of GRBs. In other respects, such as duration,
cate the limiting form of the radiation emission process. temporal structure, spectrum (X-ray) and spectral evolu-

Most observed GRBs have energy spectra that exhibition, XRFs exhibit properties that are qualitatively simi-
vF, peak power at energieBfea in the range~50-300  lar to the X-ray properties of GRBs. This similarity led
keV. For example, the distribution of time-averag®dax  to the suggestion that the XRFs are in fact “X-ray rich”
for 156 bright bursts measured wilomptorBATSE [1]  gamma-ray bursts [4, 5].
is approximately log-normal, with a centroid ef175 To investigate the nature of the WFC X-ray flashes,
keV and a width of~0.5 decade (FWHM). However, and their true relation to GRBs, untriggered BATSE data
in apparent contradiction to the BATSE results, severalvere searched, and nine of ten observable flash sources
bursts with significant X-ray~£2—-10 keV) emission have were found to have significant flux above 25 keV (ex-
been observed. In particular, the spectra of several brigltending in most cases to >100 keV). These data were
bursts measured witBinga suggest that either the dis- used to directly compare thgamma-rayproperties of
tribution of Epeakextends below 10 keV, or there is a sec- XRFs to those of the numerous BATSE GRBs [6]. This
ond (X-ray) spectral component in some bursts [2]. Thecomparison showed that the flashes are similar in most
later hypothesis is supported by the fact that 15% of allrespects to the long-duration class of GRBs, except that
BATSE GRBs analyzed show a low-energy excess abovéhey are significantly softer (based on gamma-ray hard-
the standard continuum model [3]. ness ratios) and weaker (based on gamma-ray peak flux

The most recent observational clue related to the queser fluence) than most long GRBs. In addition, the XRFs
tion of low-energy bursts is the discovery [4, 5] of sev- appear to be consistent with a low-intensity extrapola-
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FIGURE Model-dependent deconvolutiert of spectral data from W&@iq diamondsand BATSE ¢pen circle for three

ashés. The best-fit Band GRB fufiction is shown as dashed lines. Also indicated are the change in chifsgR)dreth(a
ngle power law to the Band fupetion and the best-fit valueSygfx with 1o errors.

tion of the G ardness-intensity (H-I) correlation — is 2—26 keV. The gamma-ray data are from the BATSE
ing that the flashes could indeed represent a lovi-arge Area Detectors (LADs), with 16 energy channels
y (or X-ray rich) extension of the GRB population. covering the energy range25 keV to 1.8 MeV. Accu-
f XRFs are X-ray rich GRBs, they represent a major mulation time intervals are based on the entire duration
fraction (~30%) of the full GRB population. of significant emission in the WFC data. The spectrum of
In this paper, we attempt to further quantify the com-each flash was compared to three models: a simple power
parison of X-ray flashes to GRBs by studying wide-bandlaw (two free parameters), the “Comptonized” model
spectral properties. Only by combining WFC X-ray data(three free parameters that describe a power law with a
with BATSE gamma-ray data can spectra wihacbe-  high-energy exponential cutoff), and Band’s GRB model
low the gamma-ray regime be parameterized. (four free parameters describing two smoothly connected
power laws) [see, e.g., 1]. The Comptonized (COMP)
and Band models describe a curved spectrum that con-
strainsEpeak

All of the flashes are adequately described by either
In the 3.8 years when BATSE and WFC were operat- .
ing nearly simultaneously, a total of 36 GRBs and 17the COMP or Band models, which have averagdgv

; values of 0.93 and 0.95, respectively. In contrast, the
XRFs were detected with WFC. Due to Earth occulta- ; - :
tion and data outages, only 18 of the GRB and 10 XRFpower law model can be rejected in most cases, with

2 .
. an averagex?/v = 1.57. Based on the change ?
sources were qbservable W'th. BATSE. For the;e event etween the single power law and the other models, eight
we have the unique opportunity to study the wide-ban

: f the ten XRFs show significant evidendg? > 4) for
energy spectra from 2 keV tg1 MeV (depending on ling that of GRBS. E |
brightness). Note that one of the ten XRF sources is no curved spectrum resembling that of GRBs. Examples

A S : .~of spectra for the three brightest XRFs are shown in
a significant Qetect|on in the BATSE data. This event ISFigure 1. For these events the curvature is very significant
nonetheless included in the joint spectral analysis be

. ) and the Band spectral parameters are well-constrained.
fr‘zlrﬁe the BATSE data do constrain the wide-band SP€&or the weaker events the parameters are not as well

: . nstrain rticularly the high-ener ral index
Joint WFC/BATSE spectral analysis has been suc~CO strained, particularly the high-energy spectral inde

) in the Band function. This is typical of weak GRBs,
cessfully applied to some of the GRBs. A St"’md""rdwhere the COMP model is oftgrﬁ) used in place of the
x?2 fitting technique is used to compare model spectra

folded through the appropriate instrument response funcE—Sand function due to low S/N ratio at high energies.

tions, to the observed (background-subtracted) count-
ing rates. For example, the time-averaged spectrum of
GRB 990510 was found to be well described over 3
decades in energy by the now-standard Band GRB spedV/hen comparing spectral parameters between XRFs and
tral form with Epeak~ 143 keV [7]. GRBs it is important to consider biases due to the way
Here, the same analysis tools are applied to timethe parameters are measured and how the samples are
integrated data from each of the XRF sources. The WFGelected. Unfortunately, we do not have large samples of
data are from source images obtained by correlating wittGRBs measured and selected in exactly the same manner
the WFC coded mask. The approximate energy rangas the XRFs. Hence, we must make the comparisons with

JOINT SPECTRAL ANALYSIS

COMPARISON TO GRBS
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the data that are available. The resulting biases cloud the A B B L B

analyzed by Preece et al. [1] represents the best cur-
rent knowledge of detailed GRB spectral properties. T
The high signal-to-noise ratio in this sample means that 1 10 100 1000
time-averaged parameters are well constrained. In Fig- Epeax(keV)

ure 2, the distributions oEpeak and low-energy power-
law index a for these bursts are compared to those

comparison, as discussed below. " 8 — ig éFé'EfGRB ]
@ f - BrightGRE ]

. m L 4

Bright GRBs 5 I ]

o [ ]

Q L 4

The sample of 156 bright, high-fluence BATSE bursts § C .

of the jointly-fit XRFs. The bright-burst distributions 2 1
are represented by best-fit log-normal functions, which 2 .
provide good descriptions of the data. Also included 5 1
are BATSE-only spectral parameters for the 18 WFC- 3 ]
selected GRBs observed with BATSE. These bursts were E 1
fit using BATSE LAD data in the energy rang&5 keV = 1
to 1.8 MeV. In all cases, the spectral model is the Band —
GRB function. Similar results were obtained using the -3 -2 -1 0 1
Comptonized model. Low-Energy Index a

To quantify the comparisons, the K-S test was useq:IGURE °

to evaluate statistical differences between the WFCy oo compared to BATSE-only parameters of GRBs. Dashed

selected samples and the log-normal functions for theres are log-normal fits to parameters from 156 bright GRBs
bright BATSE GRBs. The results are that XRFs have sig{1], normalized to the peaks of the XRF+GRB histograms.

nificantly lower values oEpeak than the bright BATSE
GRBs, with K-S probabilityPks = 1.5 x 108, while
the WFC-selected GRBs haffgeaxs that are consistent a strong correlation betwedfyeax and peak GRB flux
with those of the bright BATSE bursts. This latter agree-(measured in the 50-300 keV energy range). Thus, if
ment is not surprising since most of the WFC GRBs areXRFs are related to GRBs, we expect them to have lower
rather bright. It does, however, indicate that (at least folE,e4 on average.
bright bursts) biases due to different sample selections For a detailed comparison with weak (and bright)
are small. Biases due to the fact that the XRFs were fiGRBs, we use the spectral catalog of Mallozzi et al. [10],
over a different energy range (and using different instruawhich contains model fit parameters for 1,275 BATSE
ment data) than the GRBs remain unquantified. bursts (obtained with LAD data). Although the catalog
Thea distributions of WFC XRFs and WFC-selected contains spectral parameters for several spectral models,
GRBs are each statistically consistent with that of brightwe employ the COMP model, which is more robust
BATSE bursts, withPks = 0.11 and 0.32, respectively. for fitting weak bursts with few high-energy counts. In
Detailed comparison of the high-energy power-law in-practice, the spectral parameters derived from COMP
dexf is problematic because it is not well constrained forand Band model fits are similar [10].
many of the XRFs. However, the mean value for the four Figure 3 shows distributions dpeax versus duration
brightest flashes i$B) ~ —2.5+ 0.5, which is consis- (Tsg), power-law index ) and peak flux P1o24 evalu-
tent with the average of 2.1 obtained for bright GRBs. ated on the 1.024 s timescale in the energy range 50—
Thus, excluding the potential measurement biases mer800 keV) for the XRFs and BATSE GRBs. Since the
tioned above, it appears that the main outstanding spe¢RFs have (gamma-ray) durations comparable with long
tral difference between GRBs and XRFs is that XRFSGRBs, the Mallozzi et al. catalog has been selected for
have lowerEpeak values, on average. long bursts withTsp > 1 s and that have standard peak
fluxes and fluences available. This results in a sample of
802 long GRBs that are used for comparison in the two
right-most plots in Figure 3.
The plot of Epeax versus peak flux is particularly in-

Jointly fit time-averaged spectral parameters of

Dim GRBs

Another significant bias that must be considered is thg0

X . _formative since it shows how the XRFs compare with
fact that weak bursts have different spectral propertlg%e long GRB H-I relation. For this sample of GRBs, the
than bright bursts [see, e.g., 8, 9]. In particular, there is f

correlation is very significant, with a Spearman rank or-
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FIGURE 3. Jointly fit time-averaged spectral parameters of XRFs compared to BATSE-only [10] parameters of GRBs. Measure-
ment errors for the GRBs are excluded from the plots for clarity. The dashed line at right indicates the best-fit power law to the
GRB distribution.

der probability of 55 x 10716, At the extremes of the gamma-ray data, whereas the GRBs used only gamma-
distribution are the bright GRBs corresponding to theray data, s&peakfor weak GRBs could be overestimated.
Preece et al. sample, withygo4 > 10 ph-cm=2-s71 With these considerations, it is not unreasonable to con-
and (Epealy ~ 350 keV, and the weakest GRBs near theclude that XRFs are indeed low-energy, or X-ray rich
BATSE trigger threshold witEpeag ~ 100 keV. GRBs.

Statistically, the XRFs are inconsistent even with Final conclusion of this problem will undoubtedly
the weakest 5% of GRBsP{p24 < 0.3), with a two-  require morevide-bandXRF measurements. Continued
distribution K-S probability oPks ~ 10~°. However,the  XRF observations with HETE-Il anBepp&AX may be
average XRF flux oP1g24= 0.16 is nearly factor of two  sufficient, but it will be difficult to compare these data to
below that of the weakest BATSE bursts. known GRBs since they lack high-sensitivity gamma-ray

Assuming the H-I correlation extrapolates unchangedneasurements.
below the BATSE threshold with a simple power law
(see Figure 3), the expected mean and (log-normal) stan-
dard deviation ofEpeax at the average XRF flux level
are 94 kQV an.d 0'25. decadgs, re.SpeCtNely' The XRF_SL. Preece, R. D., Briggs, M. S., Mallozzi, R. S., et ApJSS
are marginally inconsistent with this extrapolation, with 126 19 (2000).

Pks ~ 1074, 2. Strohmayer, T. E., Fenimore, E. E., Murakami, T., &
Yoshida, A.,ApJ 500 873 (1998).

3. Preece, R. D., Briggs, M. S., Pendleton, G. N., etAg]
CONCLUSION 473 310 (1996).

4. Heise, J., in't Zand, J., Kippen, R. M., & Woods, P. M.,
We have shown that X-ray flashes have significantly in Proc. 2nd Rome Workshop: Gamma-Ray Bursts in the
curved time-averaged energy spectra that are quantita-Aferglow Era (Oct. 200Q)eds. N. Masetti et al., in press
tively similar to those of gamma-ray bursts. The main _ (8Stro-ph/0111246). .
difference is that XRFs have peak power at significantly5' Heise, J,, etal., these proceedings. -

8 ) A 6. Kippen, R. M., Woods, P. M., Heise, J., et al.Piroc. 2nd
lower energies than most GRBs. Combined with our pre- rome Workshop: Gamma-Ray Bursts in the Aferglow
vious work, this lends further support to the idea that Era (Oct. 2000) eds. N. Masetti et al., in press (astro-
XRFs could be a low-energy extension of the GRB pop- ph/0102277).
ulation. 7. Briggs, M. S., Preece, R. D., van Paradijs, J., et al., in

We also find that, statistically speaking, XRFs are Sta;}“m'ﬁ'PRg%rE]‘f“g:gg;%”ﬁg\}vswreksggggsfi%- Kippen
marginally inconsistent .Wlth a. pOV\.Ier-'laW' extrapolation 8. Ner}liroff, R. J., Norris, J. P,, Bonn,ell, J. T et &pJ435
of the GRB hardness-intensity distribution. However, | 133 (1994).
given the considerable systematic uncertainties in thi®, Mallozzi, R. S., Paciesas, W. S., Pendleton, G. N, et al.,
extrapolation, the marginal statistical inconsistency is not ApJ454, 597 (1995).
a strong argument to rule out a GRB/XRF association10. Mallozzi, R. S., Pendleton, G. N., Paciesas, W. S., etal., in
It is also important to note the two key biases in this Gamma-Ray Bursts: 4th Huntsville Symgus. C. Meegan
comparison: Firstly, the observed XRFs are purely X-ray St @l AlP Conf. Proc428 New York, 1998, p. 273.
selected, so they probably have lovigfeak than aver-
age. Secondly, the XRF spectra were fit using X-ray and
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